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THERMAL EXPANSION OF THE SKUTTERUDITESUPERCONDUCTOR PrOs4Sb12�N. Oes
hler, P. Gegenwart, F. Stegli
hMax Plan
k Institute for Chemi
al Physi
s of SolidsNöthnitzer Str. 40 D-01187 Dresden, GermanyN.A. Frederi
k, E.D. Bauer and M.B. MapleDepartment of Physi
s and Institute for Pure and Applied Physi
al S
ien
esUniversity of California, San Diego, La Jolla, CA 92093-0319, USA(Re
eived July 10, 2002)The re
ently dis
overed Pr-based skutterudite super
ondu
torPrOs4Sb12 was studied by means of low-temperature measurements ofthe thermal expansion 
oe�
ient � along the 
ubi
 (100) dire
tion of asingle 
rystal sample in magneti
 �elds up to 8T. Two super
ondu
tingphase transitions were found with 
riti
al temperatures T
1 = 1:84K andT
2 = 1:71K. Their hydrostati
 pressure dependen
ies 
al
ulated using theEhrenfest relation are �250�50mK/GPa and �450�70mK/GPa, respe
-tively. For B � 5T, we observe a thermodynami
 phase transition whi
h ispresumably due to the onset of quadrupolar order. The transition temper-ature shifts with in
reasing B towards higher temperatures. The stronglyenhan
ed value of the Grüneisen parameter � provides 
lear eviden
e forthe o

urren
e of a heavy-fermion normal state. The pronoun
ed 
hangeof � at T
 provides eviden
e for the formation of Cooper pairs out of theheavy quasiparti
les.PACS numbers: 71.27.+a, 74.70.Tx, 75.30.Mb, 74.25.DwA large variety of di�erent ground states have been found in the 
lass of�lled skutterudite 
ompounds MT4X12 (M = lanthanide or a
tinide metal,T = Fe, Ru, Os, X = P, As, Sb); e.g., super
ondu
tivity (LaFe4P12,LaRu4Sb12), Kondo insulator (CeFe4P12, UFe4P12), heavy-fermion(CeFe4Sb12, YbFe4Sb12), and non-Fermi liquid (CeRu4Sb12) behaviour [1℄.They 
rystallize in the 
ubi
 LaFe4P12 stru
ture with TX3 
ages �lled bylanthanide or a
tinide atoms [2℄.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(959)



960 N. Oes
hler et al.A new member of the 
lass of �lled skutterudites, PrOs4Sb12, exhibitsheavy-fermion behaviour and super
ondu
tivity and is 
onsidered to be the�rst Pr-based heavy-fermion super
ondu
tor [3℄. The sus
eptibility data arebest des
ribed by a 
rystalline-ele
tri
 �eld s
heme with a non-magneti
 �3ground state whi
h 
auses an ele
tri
 quadrupole moment separated froma �5 triplet [1℄. The large size of the jump in the spe
i�
 heat at T
 �1:8K, �C=T
, whi
h is of the same order of magnitude as the Sommerfeld
oe�
ient 
0 suggests heavy-fermion super
ondu
tivity in PrOs4Sb12 [3℄.Here we report on ultrahigh resolution thermal expansion measurementson single 
rystal PrOs4Sb12 down to 50mK and in �elds up to 8T. Thelinear thermal expansion 
oe�
ient � is de�ned as � = l�1 �l=�T where ldenotes the sample length. For a 
ubi
 system, the volume thermal expan-sion 
oe�
ient �(T ) is given by 3�(T ). Two samples were mounted on topof ea
h other to improve the resolution. The upper part of Fig. 1 shows thevolume thermal expansion 
oe�
ient � vs T . Two super
ondu
ting phase
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Fig. 1. (a) T dependen
e of the volume thermal expansion 
oe�
ient � (a) andGrüneisen parameter � ; (b) for PrOs4Sb12. The arrows mark the super
ondu
tingphase transitions in � vs T enlarged in the inset.transitions lying 
lose to ea
h other separated by a small plateau are resolvedwith transition temperatures T
1 = 1:84K and T
2 = 1:71K (
f. inset ofFig. 1). This might be 
aused by di�erent transitiontemperatures of both
rystals. However, spe
i�
 heat measurements on one sample also showedtwo transitions with similar T
 values [1℄. Further arguments in favor oftwo transitions are given by the 
al
ulation of the hydrostati
 pressure de-penden
e of T
 by using the Ehrenfest relation, �T
=�p = Vmol T
��=�C.Here Vmol = 2:42� 10�4m3=mol and �C denote the molar volume and thejump height of C at T
, respe
tively. ��(T
) is estimated by an equal-areas
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onstru
tion. For the transition temperature T
1 we dedu
e a hydrostati
pressure dependen
e of �250�50mK/GPa, whi
h is slightly higher than thevalue obtained by resistivity measurements under hydrostati
 pressure [1℄.The pressure dependen
e of T
2 is found to be �450� 70mK/GPa. Assum-ing only one transition in � and C a value of �510� 100mK/GPa would bederived whi
h is three times higher than that of the resistivity measurementsunder hydrostati
 pressure. Thus, the splitting of the transition seems to beintrinsi
, although its origin is still unknown. The o

urren
e of two transi-tions 
ould hint to un
onventional super
ondu
tivity with a multi
omponentorder parameter as found for UPt3 [4℄.In the lower plot of Fig. 1 the Grüneisen parameter � vs T for PrOs4Sb12is shown. The Grüneisen parameter is de�ned by � = Vmol=�T �=C, wherethe value 4:7� 10�12 Pa for the isothermal 
ompressibility �T for PrFe4P12was used [5℄. The 
orresponding spe
i�
 heat data are taken from [3℄. TheGrüneisen parameter for PrOs4Sb12 at T = 6K ex
eeds the typi
al valuesfor ordinary metals (� � 1) by a fa
tor of 10 and de
reases linearly uponlowering T . The highly enhan
ed Grüneisen parameter in the normal stateprovides strong eviden
e that PrOs4Sb12 forms a heavy-fermion state at lowtemperatures. The strong 
hange of the Grüneisen parameter at T
 gives
lear eviden
e for the o

urren
e of heavy-fermion super
ondu
tivity formedby the heavy quasiparti
les.The magneti
 �eld dependen
e of the linear thermal expansion 
oe�-
ient � is shown in Fig. 2. For B > 1T, the super
ondu
ting jump is notresolvable anymore although the upper 
riti
al �eld is found to be 2.2T [3℄.The minimum stru
ture in � whose minimum temperature Tmin shifts to-

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-2

0

2

4

6

5T

8T

3T
2T

T
c

B=0T

6T

 

 

α 
(1

0-6
 K

-1
)

T (K)

PrOs
4
Sb

12

0.0 0.5 1.0 1.5
0

2

4

6

8
T

Q

T
c

B
 (

T
)

 

 

 T (K)

Fig. 2. Linear thermal expansion 
oe�
ient � vs T in di�erent �elds B � 8T. Inset:B-T diagram with super
ondu
ting (T
), and, presumably, quadrupolar ordering(TQ) phase transitions. Lines are guides to the eye.



962 N. Oes
hler et al.wards lower temperatures upon in
reasing the �eld to 5T 
orresponds tothe S
hottky anomaly found in spe
i�
 heat. The feature 
an also be �ttedby a S
hottky term with an additional term taking into a

ount the T de-penden
e of the Grüneisen parameter. The low T up-turns are 
aused bythe hyper�ne splitting of the Pr nu
leus.Upon in
reasing the magneti
 �eld to B � 5T, a se
ond phase transitiono

urs. The transition temperature TQ and the jump height in �(T ) in
reaseupon in
reasing the �eld. The resulting B-T phase diagram is shown in theInset of Fig 2. The high �eld transition at TQ is presumed to be a transitioninto quadrupolar ordering. A similar �eld dependen
e of the phase-transitionline was found for PrPb3 whi
h is known to exhibit quadrupolar order [6℄.To summarize, we 
on�rmed the o

urren
e of heavy-fermion super
on-du
tivity in PrOs4Sb12 by an analysis of the low-temperature thermal ex-pansion and Grüneisen parameter. Two super
ondu
ting phase transitionswere found in thermal expansion and spe
i�
 heat measurements. Thispoints to un
onventional super
ondu
tivity in PrOs4Sb12. For B � 5T, thequadrupolar moments presumably order at TQ.The resear
h at UCSD was supported by the US DOE and NSF.REFERENCES[1℄ M.B. Maple, P.-C. Ho, V.S. Zapf, N.A. Frederi
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